Introduction
When anticoagulants are contraindicated for the venous thromboembolism therapy and thromboembolism recurs, a vena cava filter is inserted percutaneously into a major vein in order to prevent blood clots from entering the lungs (Ando & Kuribayashi, 2000; Streiff, 2000) (Fig. 1) . The inferior vena cava filter is a mesh structure designed to capture blood clots while not impeding blood flow. This filter is inserted using an introducer catheter from either the femoral or jugular vein and is fixed by a hook attached to the tip of a wire. Several filters have been designed to lyse captured clots. Ideally, the filter should capture blood clots efficiently while not impeding the blood flow. Moreover, the filter should not move in the blood vessel after deployment and should pass smoothly through the slim introducer catheter. Although insertion appears to be a safe and effective method by which to prevent the recurrence of pulmonary embolism, patients in whom the filter has become tilted may experience pulmonary embolism recurrence because of a decrease in the thrombus-trapping performance of the filter (Nara et al., 1995; Rogers et al., 1998) . In order to satisfy these requirements, several types of filters, such as permanent, temporary, and retrievable filters, have been proposed. For example, several types of vena cava filters, such as Greenfield filter, Vena Tech filter, Bird's nest filter, Simon-Nitinol filter, TrapEase filter, Günther tulip filter, Antheor filter, Neuhaus protect filter, and RecoveryNitinol filter, have been developed (Ando & Kuribayashi, 2000; Boston Scientific, 2007; Greenfield et al., 1990 Greenfield et al., , 1991 Kinney et al., 1997; Nara et al., 1995; Rogers et al., 1998; Streiff, 2000; Swaminathan et al., 2006) . However, there are few quantitative data on the mechanical properties of these filters. In particular, although Swaminathan reported the blood clot capturing efficiency from the viewpoint of computational fluid dynamics (Swaminathan et al., 2006) , there are few quantitative data concerning, for example, the ease of filter delivery. Therefore, in the present study, we evaluated through numerical analysis the mechanical properties of a Greenfield filter deployed into a vein. In particular, since the filter expands rapidly, the surgeon cannot perceive the expanding motion or the transition of the contact force applied to the blood vessel wall. Therefore, a complete understanding of the mechanical properties of the filters must be determined on not only input from doctors but also on the results of numerical analysis regarding the expansion. These methods are expected to be useful for analyzing the structure of filters and may help to guide the design of new filters. Based on the above considerations, we herein evaluate by numerical analysis the dynamic motion of a deployed filter using the evaluation standard of the incline and misalignment between the filter and the blood vessel. First, we evaluated whether the filter tilts when the catheter tilts or is misaligned or when the filter cannot expand. Second, we evaluated the migration of the deployed filter under a constant force.
Methods
Catheters and guidewires are used in the treatment of infarctions and aneurysms. In a previous study, in order to make intravascular treatment safer, we developed a computerbased surgical simulation system in order to simulate a catheter placed inside blood vessels for treatment of the brain (Takashima et al., 2006 (Takashima et al., , 2007b (Takashima et al., , 2009 ). In the present study, we applied the simulation methods for the guidewire to the inferior vena cava filter because both the guidewire and the inferior vena cava filter are flexible structures. Using a similar model, we can easily combine the filter model with our catheter simulator. Actually, a catheter simulator has been developed as a training environment for inferior vena cava filter placement (Hahn et al., 1998) . Ease of percutaneous filter delivery provides numerous advantages to both doctors and patients, including improved operational efficiency and reduced cost. Therefore, it is important that the filter be easy to use in combination with a catheter.
Filter model
In the present study, we used a Greenfield filter (GF) constructed of titanium ( Fig. 2) (Ando & Kuribayashi, 2000; Boston Scientific, 2007; Greenfield et al., 1990 Greenfield et al., , 1991 Kinney et al., 1997; Nara et al., 1995; Rogers et al., 1998; Streiff, 2000; Swaminathan et al., 2006) . This permanent filter is commonly used in Japan. The GF is constructed of either titanium or stainless steel and come in various shapes. The GF used herein is cone-shaped and consists of six wires connected to a head. The diameter of the wires is 0.45 mm (Swaminathan et al., 2006) , and each leg has a "zigzag" pattern. The bottom diameter of the cone is 38 mm (Greenfield et al., 1991) . The total length of the GF is 47 mm (Greenfield et al., 1991) . We used a head without a hole and determined the diameter (2R h ) and length (L h ) of the head by measurement. The over-the-wire filter has a head with a small hole and inserted over the guidewire to optimize the alignment of the filter with the inferior vena cava (Kinney et al., 1997) . This model of the filter is constructed with viscoelastic springs and n segments for the dynamic deformation of a flexible structure. The viscoelastic springs express the bending and torsional stiffness of the wire. The motion of the filter model is represented by the Newton-Euler equations of motion as follows:
where q is the joint displacement vector, q o is the joint displacement vector when no load is applied, M(q) is the inertia matrix, ( , )  Vis the centrifugal force (Coriolis force), F i is contact force vector of each segment (i), and K and D w are elastic and viscous coefficients of a mobile joint, respectively. The second and third terms of the right-hand side in this equation correspond to the viscoelastic forces of a mobile joint. The head and the wire of the filter consist of one and three segments (diameter: 2R w , length: L w ), respectively. Each segment of the wire has a mobile joint in the center. The elastic coefficient of the mobile joint (K) with respect to bending resistance (K wx ) and torsional resistance (K wz ) are approximated as follows (Yamamura et al., 2003) :
where E w and G w are Young's modulus and the modulus of transverse elasticity of the wire of the filter, respectively, I x and I p are the area moment of inertia and the polar moment of inertia of area, respectively. In the present study, since the wire is a rod (radius: R w ), K wx and I p are expressed as follows:
Assuming an isotropic material, G w is expressed using Poisson's ratio (ν) as follows:
In the present study, ν = 0.3 (Petrini et al., 2005) . The parameters and dimensions of the filter model are shown in Table 1 and Fig. 3 , respectively. In this table, subscripts w and h indicate the parameters of the wire and the head, respectively. Here, K wx and K wz are obtained by substituting R w and E w in Table 1 into Eqs. (2) and (3). Assuming a fixed joint, the values of the joints between the wire and the head are 100 times as large as those obtained using Eqs. (2) and (3). The recurved hook is set at an angle of 80 (Greenfield et al., 1991) . The actual leg hook consists of a twisted and complicated structure in order to avoid migration of the filter after deployment or penetration of the vein (Greenfield et al., 1990 (Greenfield et al., , 1991 (Fig. 2) . However, since the penetration of the vein was not evaluated in the present study, the bending number of the hook is one. The change of the bending angle is equal to the change of q o , as shown in Eq. (1). In a manner similar to the catheter simulator (Takashima et al., 2006 (Takashima et al., , 2007b (Takashima et al., , 2009 , the viscous term for each movable joint was considered in terms of D w . Since we cannot measure the exact values, we assumed D w to be smaller than K wx and K wz . We neglected the "zigzag" pattern and the slight flare of the wire. In the design of the titanium GF, the addition of a slight flare to the legs was made in order to facilitate discharge from the carrier without leg crossing, particularly from the jugular direction where the legs discharge first (Greenfield et al., 1990) . Table 1 . Parameters of the filter model used in simulation.
Blood vessel model
The vessel is a circular elastic cylinder defined by a centerline and a radius (R v ). The centerlines are represented by numerical data. The position of the centerline of the vessel is constant. The contact forces between the filter and the vessel are calculated according to the stiffness and the friction of the vessel wall. The friction force are derived from the fixation of the hook. Moreover, the diameter of the blood vessel (2R v ) is assumed to be 20 mm, which is similar to Swaminathan (Swaminathan et al., 2006) . In the instructions for the use of the GF (Boston Scientific, 2007) , the maximum diameter of the inferior vena into which the filter can be deployed is 28 mm.
The simulation models used in the present study are shown in Fig. 4 . The centerline of the blood vessel is along the z-axis. 
Calculation of contact force
In order to determine whether contact occurs between the filter and the vessel, the distances between the joints and the tip of the filter model (p i ) and the centerline of the vessel, were calculated. Considering the clearance of the filter and the blood vessel, we calculated the contact force according to the distance. Here, F i is decomposed into three components along the centerline of the blood vessel (f ti ), the normal direction to the centerline (f ni ), and the circumferential direction of the cross-section (f ri ). f ni is expressed as follows:
where K v is the elastic coefficient of vessel deformation and l i is the distance vector between each joint and nearest point on the central curve of the blood vessel.
In our previous studies (Takashima et al., 2006 (Takashima et al., , 2007b , we assumed that the frictional force is opposite the direction of motion. In other words, the model includes only dynamic friction, and there is no friction when the model does not move. However, the titanium GF has an improved hook design and does not move at the contact position (Greenfield et al., 1990 (Greenfield et al., , 1991 . As a preliminary test, we measured the resistance force that occurs when the head of a commercial GF is pushed and pulled in acryl and silicon rubber tubing (inner diameter: 20 mm). The maximum resistance force is summarized in Table 2 . In this table, when the GF is pulled, the force acts in the direction of blood flow after deployment (along the -z-axis in Fig. 4 ). Since the mass of the GF is 0.3 g (measured value), this resistance force is very large. Moreover, the resistance force in the silicon rubber tubing changed according to the direction of the applied force because of the hook biting into the wall of the tubing. Therefore, taking the bite of the hook into consideration, we approximated the constraint force of the tip of the wire on the blood vessel wall as follows. 1. After the tip of the wire contacts the blood vessel wall, the contact point (r i ) is calculated. 2. The expression k i = p i − r i is decomposed into the components along the surface of the blood vessel wall (k ti and k ri are the components along the centerline and in the circumferential direction of the cross-section, respectively). Using a constant (K f ), the contact force is calculated as follows:
where r i is calculated whenever the contact condition is changed. In the present study, we calculated the conditions without the constrained force approximated by Eqs. (8) and ( Table 2 . Friction force required to move the Greenfield filter in acryl and silicon rubber tubing.
The parameters for simulation are summarized in Table 3 . The value of K v (= 32 N/mm 3/2 ) was determined from the experimental results using a porcine aorta (Takashima et al., 2007a) . Moreover, along the surface of the blood vessel wall, we assumed that K f = 32 N/mm. As shown in Fig. 4 , the filter model was initially inserted into the introducer catheter model. The inner diameter of the catheter model is 12 Fr. The catheter model is fixed along the z-axis at z > 0 and is assumed to be a rigid tube. In the catheter, the contact force is calculated with respect to the catheter, and we approximated K v as 20,000 N/mm 3/2 , because the catheter is more rigid than a blood vessel. There is no friction in the catheter. Using these models, the position and the configuration of the filter were calculated in order to model the deployment of a GF inside a blood vessel and the existence of the GF for a fixed time under a constant force. Table 3 . Parameters of the vessel model used in the simulation.
Simulation procedure
The simulation procedure is as follows (Fig. 5 ).
1. The filter model is initially inserted into the introducer catheter model (12 Fr) (Fig. 5,  left) . 2. The filter is moved axially and is freed from the catheter (Fig. 5, center) . The filter model is made to contact the blood vessel wall for 10 s (Fig. 5, right) . 3. Assuming the blood flow and gravity, the filter inside the blood vessel is applied for a fixed time (60 s) under a constant force along the z-axis. The GF is deployed with the head downstream. Therefore, the direction in the introducer catheter changes according to the insertion site (from the femoral vein or the jugular vein). In the present study, we inserted the catheter from the femoral vein. When large clots occlude the filter, the effects of the filter wires and the head on the flow would be negligible in comparison with the effects of the large particles because the wires are thin and the head is behind the blood clot. Moreover, since the pulsatility of the blood flow in the inferior vena cava is relatively low and is a low-pressure system, we assumed a constant, time-averaged flow (Swaminathan et al., 2006) . Under the above assumptions, we calculated the drag (D) generated by the blood flow considering a ball (diameter, d) in a uniform flow, as follows (Tagori & Arakawa, 1989) :
where C D is the drag coefficient, ρ is the fluid density, and U is the fluid velocity. Similar to Swaminathan (Swaminathan et al., 2006) , we assumed that ρ = 1,040 kg/m 3 , U = 0.123 m/s, d = 5 mm, and Reynolds number, Re = 1,000. Moreover, using Re = 1,000, we obtained C D = 0.4 (Tagori & Arakawa, 1989) . Substituting these values into Eq. (10), we obtained D = 0.06 mN. Since the mass of the filter is 0.3 g, the gravity applied to the filter is 3 mN. Therefore, the force generated by the blood flow is much smaller than that generated by gravity, although the force depends on the size of the blood clot. On the other hand, since the friction model used in the present study is independent of the direction of the hook, we evaluated the migration of the filter considering the safety factor when the gravity doubled (i.e., assuming a gravitational acceleration of -19.61 m/s 2 along the z-axis). Experiments in sheep (Greenfield et al., 1990) have demonstrated migration of the filter in both directions, and whether this migration is caused by gravity or blood flow remains unclear. Based on the above assumptions, we calculated the Newton-Euler equations of motion (Eq.
(1)) using the contact force at every finite time step, using numerical differentiation formulas (NDF). The time steps were not fixed in order to make the relative errors smaller than permissible values (10 -3 ) at each time step. When contact occurred within a time step, we divided the time step at the contact point. This numerical analysis was performed in a MATLAB/Simlink (Cybernet Systems Co., Ltd.) environment.
Calculation conditions
Complications after filter deployment include the migration of the filter, fracture of the wire legs, penetration of the filter, deployment of the filter in an improper position, and retroperitoneal hematoma (Ando & Kuribayashi, 2000) . Moreover, it has been reported that there is no recurrence of pulmonary embolism when the GF is secured without tilting in 13 patients (Nara et al., 1995) . Since the hook of the GF has been improved and is fixed as soon as the filter comes into contact with the blood vessel wall, some asymmetry of the limbs may result (Greenfield et al., 1991) . Moreover, it is difficult to retrieve the GF once it has been deployed. Therefore, it is necessary to continue anticoagulation therapy and to deploy another filter when the deployed filter is inclined (Nara et al., 1995) .
In the present study, we evaluated the effects of the parameters of the filter model and the deployment condition on the simulation system as follows. Cases *-1 and *-2 stand for cases without and with fixation of the hook to the blood vessel model, respectively. When there is no friction, the analysis shown in procedure 3 of Section 2.4 was not performed.  Cases 1-1 and 1-2: Normal condition As a fundamental condition, we evaluated the motion of the filter when the axis of the introducer catheter is along the centerline of the blood vessel.  Cases 2-1 and 2-2: The filter does not expand uniformly. Specifically, one wire cannot expand. The filter does not expand uniformly when a leg of the filter is captured by a blood clot that occurred in the catheter (Ando & Kuribayashi, 2000) .  Cases 3-1 and 3-2: The filter is deployed through a tilted catheter The filter may tilt according to the approach angle of the catheter, which depends on the shape and curvature of the blood vessel (Ando & Kuribayashi, 2000; Kinney et al., 1997) . For example, in the case of right femoral approaches, a sheath caval angle of 10.3±4.7 results in a titanium GF caval angle of 4.1±5.8 (Kinney et al., 1997) . Therefore, in the present study, the filter is deployed after being tilted and fixed at 10 with respect to the blood vessel, and the posture was then evaluated. As shown in Fig. 4 , since the total length of the GF is 47 mm, angles of 10 and 4 correspond to the difference between the center of the blood vessel and the center of the head of 8 (= 47tan10) mm and 3 mm, respectively.  Cases 4-1 and 4-2: The filter is deployed through a catheter in which the axis is not same as that of the blood vessel. When the deployment sheath is close to the caval wall at the moment of filter release, the sheath slides along the lateral caval wall during filter deployment with the struts instantly becoming attached to the adjacent wall. As a result, the filter cannot expand uniformly (Kinney et al., 1997) . Therefore, we evaluated the condition in which the filter is deployed through a catheter for which the axis is not same as that of the blood vessel for a distance of 5 mm. The results were evaluated based on the difference between the center of the blood vessel and the center of the head, and the migration of the head.
Results and discussions

Motion of the deployed filter
The difference between the center of the blood vessel and the center of the head after deployment of the filter is shown in Fig. 6 . This difference indicates the tilt of the filter in the blood vessel. The distribution of the absolute value of the contact force after placement of the filter is shown in Fig. 7 . When the difference in Fig. 6 is large (Case 3-2), the contact force in Fig. 7 is large and non-uniform. The ability to calculate the contact force distribution Fig. 6 . Difference between the center of the blood vessel and the center of the head after deployment of the filter. is one of the advantages of numerical analysis, since it is difficult to determine clinically. In the following section, we described the results for each case in detail. First, we evaluated the motion of the filter without friction when the axis of the introducer catheter is along the centerline of the blood vessel (Case 1-1). The trajectories of the head and the wire tips are shown in Fig. 8 . In this figure, the initial and final positions are indicated by circle and square symbols, respectively. The wire tips expand uniformly from the center to the blood vessel wall in the directions shown by the arrows. As shown in Figs. 6 and 8 , the head did not move from the center of the blood vessel and the filter could be deployed normally. Moreover, the final position for the case with friction (Case 1-2) did not change (Fig. 6) . The motion of the filter was evaluated for the case in which the filter does not expand uniformly (Cases 2-1 and 2-2). The trajectories of head and the wire tips and appearance of the deployed filter are shown in Figs. 9 and 10, respectively. The transition of the contact force at the wire tips is shown in Fig. 11 . The wire indicated by the arrows in Figs. 9 and 10 cannot expand. In Fig. 9 , the initial and final positions are shown by the circle and square symbols, respectively. For the case without friction (Case 2-1), the head deviated from the center of the blood vessel (Fig. 9 ) and tilted and was fixed (Fig. 10) . As the filter tilted, the values of all contact force except wire 4 approached closely (Fig. 11 (a) ). On the other hand, for the case with friction (Case 2-2), the deviation of the head center of the blood vessel from was small even when one wire could not expand (Fig. 6) . Namely, the filter did not move because the friction fixed the filter at the initial contact position. After the fixation, each contact force increased gradually (Fig. 11 (b) ). We evaluated the motion of the filter when the introducer catheter is not aligned with the axis of the vena cava (10) (Case 3). The transition of the difference between the center of the head and the center of the blood vessel, and appearance of the deployed filter are shown in Figs. 12 and 13, respectively. For the case without friction (Case 3-1), the head approached the center of the blood vessel. On the other hand, for the case with friction (Case 3-2), the inserted filter tilted (Fig. 12) and stopped in the tilted position (Fig. 13) . The angle of the tilt (difference: 4.3 mm) was similar to that for reported clinical results (Kinney et al., 1997) . Moreover, when the filter was tilted, the contact force was large and non-uniform (Fig. 7) . The transition of the contact force at the wire tips are shown in Fig. 14 . The contact force increased gradually for the case with friction (Fig. 14 (b) ) similarly to Fig. 11 (b) , although the tilt with friction was larger than that without the friction contrary to Case 2. The transition of the distance between the wire tips and the center of the blood vessel is shown in Fig. 15 . In this figure, the distance of the tip of wire 4 from the center of the blood vessel, as indicated by the arrow, first increased and then decreased abruptly. This phenomenon Fig. 9 . Trajectories of the head and the tips of the wires (Case 2-1). The filter does not expand uniformly. indicates rebounding of the wire on the blood vessel. Moreover, after rebounding of the wire, all six wires came into contact with the blood vessel wall at the same time. Therefore, the tilt of the filter became smaller than that of the catheter. When the axis of the catheter is not same as that of the blood vessel (5 mm) (Cases 4-1 and 4-2), the tilts of the filters with or without friction are small, as shown in Figs. 6 and 16. The transition of the distance between the wire tips and the center of the blood vessel are shown in Fig. 17 . In this figure, after wire 1 (indicated by the arrow) first contacted the vessel wall and then rebounded, all six wires came into contact with the vessel wall at the same time. Therefore, similar to Fig. 13 , the tilt of the filter was small (Case 4). Actually, the wire tip may bite and be fixed at the first contact point without rebounding. In this study, the force to keep contact was not defined. Therefore, it is necessary to investigate the contact force between the hook and the blood vessel experimentally. As shown above, the difference between the center of the blood vessel and the center of the head after deployment of the filter is large when the filter does not expand uniformly or when the filter is inserted through a tilted catheter. Although it is unclear what constitutes a clinically significant filter tilt, in vitro studies suggested that the clot-trapping ability of the GF is reduced at angle of 14 or greater (Katsamouris et al., 1988 , as cited in Rogers et al., 1998 . This angle corresponds to a difference between the center of the blood vessel and the center of the head of 12 mm. As shown in Fig. 6 , the maximum difference in the present study is 4.3 mm, which is smaller than this value. However, large tilt may occur for a variety of reasons. For example, the filter which cannot expand uniformly (Case 2) may be deployed through an inclined catheter (Case 3). Furthermore, although the difference between the center of the blood vessel and the center of the head was small for a catheter for which the axis was not the same as that of the blood vessel (Cases 4), the difference may become larger than that in Case 3 when the catheter tilts (Case 3) and close to the caval wall (Case 4) at the same time. Fig. 16 . Filter after deployment through a catheter for which the axis is not same as that of the blood vessel (Case 4-1). Fig. 17 . Transition of the distance between the wire tips and the center of the blood vessel (Case 4-2). The axis of the catheter is not same as that of blood vessel.
Migration of the filter due to blood flow
Apart from the ability to precisely position and orient the filter, it is also important that it undergoes a minimal amount of migration. In this section, we evaluate the migration of the head for a fixed time under a constant force after deploying the filter, as described in the previous sections. The migration of the head for a fixed time (60 s) under a constant force along the z-axis is shown in Fig. 18 . The migration was large in Cases 2-2 and 3-2. Significant migration is usually defined as caudal or cranial movement in excess of 1 cm (Streiff, 2000) . Similarly, for example, Greenfield et al. defined as significant a change in vertical position of 9 mm or more at 30 days (Greenfield et al., 1991) . However, the results of the present study are much smaller than these values. Fig. 18 . Migration of the head for a fixed time (60 s) under a constant force.
In the present study, using Eqs. (8) and (9), the friction force is defined by springs at the contact points. Therefore, the friction force can change according to the spring constant. In this model, since there are six springs for which K f = 32 N/mm, we obtain a migration of 3×10 −5 mm when 2G is applied to the 0.3-g filter (6 mN). This value is similar to the values shown in the figure (Cases 1-2 and 4-2). In the future, it will be necessary to determine this parameter (K f ) exactly. Moreover, the filter will move when the friction force exceeds a certain value, and these effects must be considered. The contact force distribution is shown in Fig. 19 . Comparing this figure with Fig. 7 , the distribution was changed. The concentration of the contact force may cause the loosening of the hook actually. Fig. 19 . Distribution of absolute value of contact force (F) for a fixed time (60 s) under a constant force.
Evaluation of parameters
As mentioned above, in addition to the GF, several other types of inferior vena cava filters have been developed. For example, although the Simon-Nitinol filter become popular because of its lower profile, a caval thrombosis rate of up to 50% has been reported for this filter (Decousus et al., 1998; Hawkins & Al-Kutoubi, 1992; Kim et al., 1992; Grassi et al., 1992; Simon et al., 1989 , as cited in Swaminathan et al., 2006) . In order to quantitatively compare different types of filters, numerical analysis is a very effective method because various filters can be compared under the same simulation condition, for example, the same vessel shape. Asymmetry of the limbs increases the possibility of impairment of filtration in the area of wider limb spread (Greenfield et al., 1991) . However, theoretically, eccentric placement might be anticipated to impair performance, although no pulmonary embolisms have been linked to this finding (Streiff, 2000) . Therefore, it is necessary to couple the present results with computational fluid dynamics results. It is necessary to improve the simulation model in order to reproduce the motion in surgery. Although, in the present catheter simulator, the blood vessel is an artery, the filter is applied to a vein. In the present study, we used the same parameters in both conditions. However, since the mechanical properties of the artery and the vein are different, it would be necessary to measure the mechanical properties of the vein experimentally and to verify Eqs. (7), (8), and (9). Moreover, the diameter of the blood vessel model used in the present study is constant. However, there is some possibility of one of the limbs of the filter entering a tributary vein (Boston Scientific, 2007) . Moreover, when the inner diameter is different, the applied force changes. Therefore, it is necessary to model the shape of the blood vessel exactly. Moreover, when the filter is released from the catheter, the friction between the catheter and the filter may cause the filter to tilt.
Conclusions
In this chapter, we describe the evaluation of the effects of the parameters of the simulation model on the deployment of the Greenfield filter. The results are as follows. 1. When the introducer catheter is not aligned with the axis of the vena cava, the inserted filter becomes tilted. 2. When the filter does not expand uniformly, the inserted filter also becomes tilted. 3. The friction between the filter and the blood vessel wall affects the tilt of the filter. This simulation method can be used for surgical planning, intra-operative assistance, and the design of new filters.
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